Epitaxial silicon nanowires ͑NWs͒ of short heights ͑ϳ280 nm͒ on Si ͗111͘ substrate were grown and doped in situ with boron on a concentration range of 10 15 -10 19 cm −3 by coevaporation of atomic Si and B by molecular beam epitaxy. Transmission electron microscopy revealed a single-crystalline structure of the NWs. Electrical measurements of the individual NWs confirmed the doping. However, the low doped ͑10 15 cm −3 ͒ and medium doped ͑3 ϫ 10 16 and 1 ϫ 10 17 cm −3 ͒ NWs were heavily depleted by the surface states while the high doped ͑10
Silicon nanowires ͑Si NWs͒ are potential building blocks for semiconductor nanodevices and circuits. 1 To fabricate NW devices it is necessary to find ways of controlled doping ͑p or n͒ including specific concentration profiles. In situ p doping of Si NWs with boron has already been demonstrated by different techniques [2] [3] [4] where the dopants were incorporated from a gas ͑diborane or trimethyl boron͒. However, in most of the cases the achieved range of B concentration was rather narrow. Furthermore, the above doping methods have often resulted in the formation of an intrinsic Si core covered with a B doped ͑p-type͒ amorphous shell. 3, 4 Although some exotic nanodevices with such core-shell structures have been fabricated, 5 for axial p-n junctions and heterostructures a monocrystalline structure is more desirable. In this letter we report on short Si NWs grown and doped in situ with B from an elemental source in a molecular beam epitaxy ͑MBE͒ chamber on a wide concentration range and on their structural and electrical properties.
The Si NWs were grown under ultra high vacuum ͑10 −10 mbar͒ in a Riber MBE chamber on RCA-cleaned p-type ͑B doped͒ 5 in. Si ͗111͘ wafers ͑resistivity of 5-10 ⍀ cm͒ at an optimized growth temperature of 525°C. 6 First a 200 nm buffer layer of Si/ B was grown by coevaporation of Si and B. Immediately afterward a 1 -2 nm thick Au layer was deposited in situ that subsequently broke into Au droplets acting as the NWgrowth initiator. Si and B were coevaporated again for 1.5 h with a Si flux of 0.5 Å / s resulting in the B doped Si NWs. The temperature of the solid B source ͑ 11 B 5 , 99.9995% purity͒ was calibrated beforehand ͓Fig. 1͑a͔͒ with the B concentrations ͑N B ͒ measured from the secondary ions mass spectrometry ͑SIMS͒ on B doped Si layers grown at 525°C. A specific case of B incorporation in a Si layer is demonstrated in Fig. 1͑b͒ . We call these concentrations "intended B concentrations" or N int for doping the NWs and assume N int = N B . We grew four sets of NWsnominally undoped, lightly doped ͑N int =10 15 From scanning electron microscopy ͑SEM͒, the NWs were found out to be vertical to the substrate aligned in the ͗111͘ direction like the MBE-grown NWs reported earlier. 6, 7 The diameter of the NWs varied from 50 to 250 nm with an average of 170 nm and the length from 100 to 300 nm with an average of 280 nm. They were shorter with lower aspect ratio than the earlier ones 6, 7 due to shorter growth time. However, the minimum diameter observed was also less than the earlier NWs ͑about 80 nm͒. 6, 7 A corresponding transmission electron microscopy ͑TEM͒ image is shown in Fig. 2͑a͒ . We attribute this reduction of minimum NW diameter to the decrease in the surface energy due to incorporation of B in the Si-Au system as the critical diameter for NW growth is directly proportional to the surface energy of the NW. 6 A typical TEM diffraction pattern is shown in the lower left corner of Fig. 2͑a͒ which confirmed a single-crystalline structure of the NWs in contrast to the core-shell-type structure which is common in chemical vapor deposition ͑CVD͒. 3, 4 Since the surface diffusion of Si adatoms from the Si epilayer growing in parallel plays a big role in NW growth by MBE, 6 we expect a homogeneous doping of the NWs. In the TEM image in Fig. 2͑b͒ some dark Au nanoparticles are visible at the surface of the NW ͑marked by the arrow͒ along with a dark Au cap on top. These are the remnants from the Au droplet that initiated the NW growth. We also observed a very thin ͑1-2 nm͒ native oxide layer covering the NW.
To measure the electrical properties of these short NWs we contacted them in freestanding form using a micromana͒ Author to whom correspondence should be addressed. Electronic mail: kanungo@mpi-halle.de. ipulator inside a SEM as described earlier. 8, 9 The gold caps on top of the NWs were removed beforehand by an aqueous solution of KI and I 2 so that the Pt/ Ir tip and the p-type NWs could make direct contacts. The top contact was realized with an electrochemically etched Pt/ Ir tip 10 ͑resis-tance ϳ5 ⍀͒ attached to the micromanipulator ͑Kliendiek, MM3A-EM͒ and the back contact with silver paste. The schematic of the setup is shown in Fig. 3͑a͒ , and a SEM image of a contacted NW in Fig. 3͑b͒ . The Pt/ Ir-p-Si contact is more Ohmic than Au-p-Si at room temperature due to the reduced Schottky barrier height. 11 The Ag-p-Si back contact had an Ohmic character with a resistance of around 5 k⍀. Since the back contact area was much larger compared to that of the individual NWs we could neglect the voltage drop along the thickness of the substrate. We also explored the possible effects on the measured current due to unequal doping of the Si substrate ͑5-10 ⍀ cmϳ 10 15 cm −3 ͒ and the NWs. A band diagram of the whole structure presented in Fig. 3͑a͒ is shown in Fig. 3͑c͒ assuming Ohmic contacts at the top and back for the case when the NWs were doped to the highest level ͑N int =10 19 cm −3 ͒. The doping levels of the NWs were assumed to be the same as that of the buffer and epilayers. The small built-in potential ͑⌽ bi ͒ of 0.24 eV from the band bending at the substrate-buffer layer interface should be easily overcome by the holes ͑the majority charge carriers͒ at room temperature. For the lower doping levels of the NWs ⌽ bi would be even smaller reducing the chances in unwanted current rectification/voltage drop. As a result the measured currents are attributed only to the NWs.
There is a systematic uncertainty in our results because of ͑1͒ the unknown contact area, contact pressure, and contact resistance between the Pt/ Ir tip and the NWs, and ͑2͒ the relatively large resistance of the back contact with Ag, although this influences only the measurement for the highest doped NWs. Apart from this some electrically active gold atoms might have also diffused into the NWs during growth 12 which can be associated with midgap traps. Nevertheless the results showed a systematic trend for different doping levels.
In order to make a fair comparison, first we chose NWs with diameter of 170 nm and length of 280 nm ͑the average diameter and length͒ for all doping levels. The lightly doped ͑N int =10 15 cm −3 ͒ and the undoped NWs behaved similarly ͓Fig. 4͑a͔͒ showing rectifying characteristics. This is similar to our previous investigation. 8 The NWs in both cases should be completely depleted 13 of free carriers by the surface states formed at the interface between the NW and the native oxide covering it. That is why they behaved alike. The rectification, as revealed by electron beam induced current imaging earlier, 8 results from a space-charge region at the base of the NW between the NW and the epilayer underneath. The current conduction in these cases probably takes place by leakage though the native oxide on the NW surface the exact mechanism of which is not known yet. A hopping conduction of electrons, modeled 14 and observed 15 for native oxide was proposed earlier. 8 The Au nanoparticles at the NW surface ͓Fig. 2͑b͔͒ may enhance this. The conduction mechanism will become clear by a low-temperature measurement which is underway. Such a surface-enhanced conductivity of un- 
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The I-V curves of the medium and highly doped NWs ͓Fig. 4͑b͒ and 4͑c͔͒ showed linear/Ohmic behavior. We attributed this absence of rectification to volume conduction from the NWs as the surface states should not be able to deplete the whole volume in these cases. The S-shaped nonlinearity in the I-V curve of the highest doped ͑N int =10 19 cm −3 ͒ NW ͓Fig. 4͑c͔͒ probably comes from selfheating effect due to very high current ͑more than 300 A͒. In fact, some of the NWs melted during the measurements. The extracted resistances from these Ohmic I-V curves corresponded to N int values of 3 ϫ 10 16 , 1ϫ 10 17 , 1ϫ 10 18 , and 1 ϫ 10 19 cm −3 were 18.7 M ⍀, 4 M ⍀, 8 k⍀, and 3 k⍀, respectively. We see a clear decrease in the NW resistance as the doping level is increased which is expected since the NWs become increasingly conductive. Assuming a homogeneous conduction across the whole cross section of the NWs and bulk mobility values we calculated "apparent doping concentration" ͑N app ͒ from these resistance data. N app is plotted against N int in Fig. 4͑d͒ ͑dashed line͒.
In order to check if the measured resistances are really coming from the whole volume, we measured NWs of different diameters and lengths. The resistances per unit length ͑R / L͒ for N int =10 17 cm −3 are plotted in Fig. 4͑e͒ . Seo et al. 17 assumed that only a core region of the NW with diameter d is conducting. This core was surrounded by a layer of width w depleted by the surface states as shown in Fig. 4͑f͒ . The physically measured diameter ͑D͒ of the NW is given by d +2w, but the measured resistance correlates only to the core. The surface charge of density N S is balanced by the space charge in the depleted region. Assuming a free carrier density corresponding to a net doping concentration N net we can write
where is the resistivity and L is the length of the NW. Combining Eqs. ͑1͒ and ͑2͒ yields
was fitted ͑solid line͒ to the measured data in Fig. 4͑e͒ Fig. 4͑d͒ ͑solid line͒. We can see that at medium doping levels both N app and N net were two to three orders of magnitude smaller than N int while at higher doping levels they were only off by a factor of 2-3. We assume that for N app it is due to a combined effect of depletion by the surface states and residual compensation by some electrically active gold atom in the NW ͑Ref. 12͒ while for N net it is basically the compensation by gold as the effect of the surface states was extensively taken care of. At higher doping levels both kinds of compensations subside.
In summary, in situ boron doping of short Si NWs on a wide range of boron concentrations was achieved with a solid boron source by MBE. The doped NWs were single crystalline. However, it turned out that in order to achieve the same "intended doping levels" as the Si layers we need to dope the NWs at least as high as 10 18 cm −3 .
